Ultrasonics offers the possibility of developing sophisticated fluid manipulation tools in lab-on-a-chip technologies. Here we demonstrate the ability to shape ultrasonic fields by using phononic lattices, patterned on a disposable chip, to carry out the complex sequence of fluidic manipulations required to detect the rodent malaria parasite Plasmodium berghei in blood. To illustrate the different tools that are available to us, we used acoustic fields to produce the required rotational vortices that mechanically lyse both the red blood cells and the parasitic cells present in a drop of blood. This procedure was followed by the amplification of parasitic genomic sequences using different acoustic fields and frequencies to heat the sample and perform a real-time PCR amplification. The system does not require the use of lytic reagents nor enrichment steps, making it suitable for further integration into lab-ona-chip point-of-care devices. This acoustic sample preparation and PCR enables us to detect ca. 30 parasites in a microliter-sized blood sample, which is the same order of magnitude in sensitivity as lab-based PCR tests. Unlike other lab-on-a-chip methods, where the sample moves through channels, here we use our ability to shape the acoustic fields in a frequency-dependent manner to provide different analytical functions. The methods also provide a clear route toward the integration of PCR to detect pathogens in a single handheld system. phononic crystal | surface acoustic waves | nucleic acid amplification test | mechanical cell lysis A coustic waves contain a mechanical energy that can be used to manipulate fluids, cells, and samples (1). A range of ultrasonic transducers have previously been developed, including those using surface acoustic wave (SAW) devices, as a practical solution to actuate fluids on microfluidic chips (2, 3). SAWs have the advantage that, despite using low powers, the energy is concentrated at the interface between the fluid and the substrate, enabling a range of fluid manipulations on a chip. Despite this ability to implement low power microfluidics, one potential disadvantage of using a SAW chip is the relatively high cost of the piezoelectric wafer. In an alternative configuration, the SAW can be coupled into a disposable superstrate (Fig. 1A ) placed on the surface of the piezoelectric chip (4, 5), thus providing a low cost technology.
A coustic waves contain a mechanical energy that can be used to manipulate fluids, cells, and samples (1) . A range of ultrasonic transducers have previously been developed, including those using surface acoustic wave (SAW) devices, as a practical solution to actuate fluids on microfluidic chips (2, 3) . SAWs have the advantage that, despite using low powers, the energy is concentrated at the interface between the fluid and the substrate, enabling a range of fluid manipulations on a chip. Despite this ability to implement low power microfluidics, one potential disadvantage of using a SAW chip is the relatively high cost of the piezoelectric wafer. In an alternative configuration, the SAW can be coupled into a disposable superstrate (Fig. 1A) placed on the surface of the piezoelectric chip (4, 5) , thus providing a low cost technology.
Using such superstrates, we have recently demonstrated an alternative and improved method for performing complex fluid manipulations in which the ultrasonic waves are coupled into phononic lattices. Importantly, the functionality of such phononic structures is dependent upon the acoustic frequency. By using phononics to locally shape the acoustic fields and by switching between different ultrasonic wavelengths, we have designed tools capable of enabling different fluid manipulations on the disposable superstrate (5) (6) (7) .
In this paper we show the implementation of nucleic acid based tests (NATs) on a microfluidic chip to demonstrate the potential of phononic technologies in diagnostics. Such tests usually require well-equipped laboratories with sample preparation apparatus, such as a centrifuge and thermal cyclers to carry out PCR. We now demonstrate that these apparatus can be replaced by microfluidic chips, using low cost phononic technology.
Microfluidics and lab-on-a-chip (LOC) devices have promised the development of portable point-of-care systems that could bring such complex assays to resource-limited settings in developing countries (8) . In general, many of the techniques underpinning LOC involve a fluid being introduced into a device and being analyzed as it moves along a channel, with different functions being performed at different locations (9) . In using phononics, we now propose a different paradigm, where the drop of sample remains stationary and the geometry of the phononic lattice and frequency of the SAW excitation combine to determine the functions available on the chip. By analogy with electronics, where a circuit is constructed by using different components, we propose to build complex bioassays by combining different phononic lattices, each of which delivers a unique diagnostic function to the stationary drop.
Our focus is on real-time PCR using conventional thermal cycling for the diagnosis of malaria, a disease which remains a significant burden on the health of individuals living in developing countries (10) . Any strategy to curb the incidence of malaria and the consequent morbidity relies upon making efficient diagnostic identification of the blood stages of the aetiological agent that causes malaria, the unicellular protozoan parasites of the genus Plasmodium. As a model for the human pathogen, we worked with the rodent malaria parasite Plasmodium berghei in blood.
To access the appropriate genomic nucleic acids, the red blood cells and the parasite's outer membranes both have to be disrupted. A typical off-chip cell lysis procedure (for blood or for other samples) involves numerous steps. These may include the use of lytic agents, enzymes, or detergents, which can inhibit subsequent analysis and have to be removed (11), most usually using centrifugation before further processing. Purification of the nucleic acids from the processed sample for analysis may also be required, a step known as enrichment. In existing NAT LOC devices these procedures have been integrated onto microfluidic chips, using the controlled mixing enabled by the behavior of liquids in the microdimensions (12, 13) . Their reliance on lytic agents introduces significant dilutions of the sample/specimen that may compromise sensitivity and necessitates a cumbersome liquid-driving system to move the fluids around the chip, a concern for point-of-care applications. A number of other techniques have been developed for chemical-free lysis of cell samples in microfluidic platforms to overcome these limitations (14) (15) (16) (17) (18) (19) . Implementing such techniques has however been a particular difficulty in developing a fully integrated sample-to-answer solution for molecular diagnostics (20) .
In this paper, we now show how SAW induced mechanical lysis of blood cells and of blood cells with malarial parasites within them, followed by real-time PCR detection of the parasite DNA using SAW as the heating mechanism, provide a method for implementing malarial detection on a disposable superstrate. By using a phononic lattice, both functions are carried out on the same platform ( Fig. 1 B-E) , switching between lysis and heating by changing the input frequency. Although only these two functions are combined here, the use of phononic lattices opens a wide range of applications and could be used to combine other SAW actuated techniques, such as the direction of drops for highthroughput analysis (21, 22) or nebulization (7) .
Cell lysis using acoustic energy has previously been described either through harsh cavitation at high energies, or by using beads as crushing support (18) . Proceeding differently now, we use SAW to create pressure waves and shear stresses, showing that both white blood cells and red blood cells can be lysed, as well as the parasites within, without cavitation or additional reagents introduced in the sample. SAW lysis efficiency was comparable to chemical and other mechanical lysis methods (17) . Because of the mechanical friction that SAWs induce as they propagate, they can also be used for heating liquid samples. The input power can thereby serve as a method to cycle fluids between different temperatures (23) . Here we adapt the virtual reaction chamber (VRC) described previously (24) , covering a microliter-sized sample with a droplet of mineral oil (SI Appendix and Fig. 1A ) to enable high temperature droplet processing ( Fig. 1E) with SAW.
Thus, the same acoustic actuation mechanism can be used to lyse malaria-infected blood and amplify a specific sequence of the parasite's genomic DNA via thermal cycle PCR. Fluorescence detection of the parasite-specific PCR product allows us to determine the level of parasitemia. In future the technique has the potential to discriminate between different species and drugresistant organisms. This technology now provides us with a route toward a sensitive low cost, low power diagnostic tool to be deployed in developing countries for better infectious disease diagnostic.
Results and Discussion
The detection of parasites via their genetic material requires access to the nucleic acids within the parasites and the generation of a parasite-specific detectable signal. Here we perform these functions on a disposable SAW platform in microliter-sized drop samples, using phononic lattices to control the wave propagation and subsequently the functions enabled, in a frequency-dependent manner.
SAW Lysis. SAWs were generated on a LiNbO 3 piezoelectric wafer and coupled onto a phononic superstrate, via a thin layer of water-based gel. Upon reaching a droplet of liquid on the propagating surface, they are refracted as pressure waves inside the droplet at a specific angle depending on the speed of sound in both materials (2) . By adjusting the power input in the device and the surface tensions at the droplet pinning contact line, different wave amplitudes give rise to different phenomena (3) , from streaming at low powers to movement, jetting, and nebulization at high power. Here we make use of the pressure distribution inside the liquid when streaming is induced to create vortices. In their simplest states, these vortices are used for particle concentrations in the center of the droplet (25) . We previously demonstrated that a phononic lattice, used as a frequency tuneable filter, could enable the centrifugation of blood cells within a drop on a disposable superstrate (5) . We now further develop this technique and show a new function (Fig. 1 B-C) , where at 9.5 MHz blood cells are first drawn into the center of the droplet at the beginning of the actuation (Fig. 1C after 1 .88 s and SI Appendix, Movie S1) and then at increased powers, the conditions of pressures and shear stress at the center of the vortices mechanically disrupt them (Fig. 1C after 3.78 s) . The result is cell lysis (SI Appendix, Movie S1), transforming the droplet from turbid (due to the presence of the blood cells, as shown in Fig. 1C 0 s) to translucent (as seen in Fig. 1C 3.78 s) . We further investigated the phenomena using other cell types including the mammalian HL60 (SI Appendix, Fig. S3 ), MCF7 cells expressing a GFP-actin fusion (SI Appendix, Fig. S4 and Movie S2), and a trypanosome, Trypanosoma cyclops (SI Appendix, Fig. S5 ).
To understand the mechanism by which the cells lyse, we used the movement of beads to quantify the velocities of fluid flows within the drop at low power (milliwatt) and calculated the shear applied to the cells (SI Appendix, Figs. S6 and S7). These results were used to quantify the shears within the droplet, estimated as ca. 85 Pa under the conditions used for lysis (SI Appendix, Methods), sufficient for a mechanical disruptive effect on mammalian cells (26) . Although previous literature suggests that shear forces at least an order of magnitude higher might be needed for the highly deformable RBC (27), we propose that it is a combination of these SAW-induced shear forces, coupled with the rapidly changing acoustic pressure fields and radiation pressures, which enables the rapid SAW lysis (which takes less than 3 s). Although the dissipation of acoustic energy in the droplet will generate heat, the temperature of blood droplets during the SAW lysis only rises to 38°C, confirming that the lysis process was not due to an increase in temperature (28) .
Lysis efficiency. The extent of lysis of different biological samples was evaluated by counting the number of cells present at the end of the process and comparing it with the number of cells in an unprocessed sample. Fig. 2A shows the high rate of cell lysis for the conditions tested (>98% for most conditions) and above 99.8% (AE0.16% standard deviation) for the optimized condition (20 μL samples at a power of 0.63 W). These results compare well with both chemical (cut off for efficient lysis at 99.5% in 18) and nonchemical protocols (17) . Further, SI Appendix, Fig. S3 shows that cells were not lysed by the SAW at a lower exciting power (0.2 or 0.3 W), which caused only their concentration in the center of the droplet, whereas they were lysed efficiently when the vortices were created at 0.8 W (98.3% AE 1.4%). Similar results were obtained for different cell types [(SI Appendix, Fig. S5 ) shows the lysis of T. cyclops, a model of sleeping sickness].
Release of intracellular contents. The availability of intracellular material in the solution after cell lysis on the SAW device was studied spectroscopically. The absorbance of the solutions at different wavelengths was used to evaluate the presence of haemoglobin (λ ¼ 414 nm and 540 nm). Haemoglobin contained in the red blood cells is the most widely used marker of red blood cell lysis and spectroscopy is used routinely to evaluate its level in plasma as a diagnostic tool for haemolysis. Fig. 2B shows the level of haemoglobin in 20 μL samples of blood diluted with Triton X-100. For dilutions higher than 1∶20 (dilution factor <0.05), the samples lysed with SAW or chemically were the same.
For more concentrated solutions, the efficiency dropped considerably, almost in a digital manner (Fig. 2B ). The range of efficient dilutions can be explained by the fact that the formation of the vortices required for lysis was not possible at higher concentrations, where the blood cells formed clusters that disrupted the flow and prevented efficient streaming. Similarly, it was also noted that the lysis efficiency for drops of 5 μL decreased dramatically, which could be attributed to this same phenomena. By understanding the acoustic conditions for lysis, controlling the power of the SAW, the dilution of the sample and the volume it was possible to optimize conditions where intracellular contents are released, as shown in Fig. 2C , allowing the integration of blood lysis into a sequence of fluidic manipulation in a biological assay.
Amplification/detection of released DNA. We evaluated the bioavailability of released analytes from cells lysed with SAW by performing a quantitative real-time PCR (qPCR) on genomic DNA from a blood sample. After lysis, the samples were processed on a LightCycler 480 with primers for the beta-actin (ActB) gene and the copy number present quantified (SI Appendix, Methods). Fig. 3 shows the fluorescence signal over the cycles for untreated whole blood (small dashed blue line), chemically lysed whole blood (full black line), SAW-lysed whole blood (red dashed line), and a negative control (deionised water, no template, green) processed identically. These results demonstrate the presence of genomic DNA in the samples lysed with SAW and its availability for successful PCR. Although the curve for untreated whole blood (blue) shows available DNA within the samples, as would be expected from dead cells or free circulating DNA, the signal arises much later than for the treated samples, evidenced by the higher threshold cycle (C t ) value for untreated whole blood.
A quantification of the amount of DNA from the amplification curves indicated that a similar level of DNA was present in the samples lysed with SAWand in chemically lysed samples ( Table 1 ). The differences may be explained by variability in handling, as the samples treated with SAW were recovered manually from the chip, pooled, and transferred to a tube before being processed for PCR, which may have resulted in sample loss.
SAW PCR. Here we show that heating induced by SAW propagation within the sample (Fig. 1 D and E) can be implemented as a thermocycler to perform real-time PCR on the same platform as that used for lysis, by switching the frequency, from F 1 ð9.5 MHzÞ to frequency F 2 ð18 MHzÞ and cycling the excitation power. We made use of the dissipation of acoustic energy in a liquid droplet that generates heat to increase the sample's temperature. The cooling between two temperature steps was achieved through passive dissipation into a heat sink, placed below the LiNbO 3 transducer (SI Appendix, Fig. S8 shows a schematic of the set up) as the excitation voltage is turned off.
As a model for an infectious disease, we detected rodentspecific malaria parasites (P. berghei) in the blood of infected mice. After SAW lysis, the samples were mixed with a real-time PCR mix and the temperature cycled between 95°C and 62°C (SI Appendix, Methods and Fig. S9 for a temperature profile), by applying powers of 1.3 W and 0.3 W, respectively. Fig. 4 shows a typical amplification curve for an infected (4.5% parasitemia, black dots) and a noninfected mouse blood sample (blue triangle). The characteristic sigmoidal increase in fluorescence (red line) is indicative of successful PCR, whereas the noninfected sample only shows a decrease, which could be attributed to photobleaching.
The amplification and specificity were confirmed by gel electrophoresis and were comparable with conventional PCR, carried out in a commercial thermo-cycler (Fig. 5 A and B) . These results clearly demonstrate that the SAW lysis process is not only able to disrupt the cell membranes as shown for human blood (Fig. 2) , but also gives access to the nucleic acids of the parasites within these cells. Fig. 4 , Inset also shows that, as expected, as the concentration of parasites within the blood cells increases, so the amplification is detectable after fewer cycles. To evaluate this relationship we performed a threshold analysis (Fig. 5C) , revealing a linear relationship over approximately two logs of the parasitemia. The amplification over 40 cycles was carried within 45 min with a manual control of the temperature, although this time could be further reduced with an automated control to below 30 min. Including the lysis step, the whole assay would be complete under 35 min. This time is similar to that for the gold standard blood smear (60 min) and the rapid test kits (20 min) (29) .
We have demonstrated the detection of parasite DNA at a parasitemia of 0.07% (a level equivalent to ca. 30 parasites in the PCR sample). This number is within the same order as current PCR methodologies [0.0001% or 1 parasite∕μL of blood (30) ] and better than routine smear diagnostic [500 parasite∕μL (30) ] and rapid tests [>1;000∕μL (29) ] and corresponded to a 1 day incubation after mouse infection.
Although we selected a single locus from the P. berghei genome to assess this unique SAW-based PCR method, there is no doubt an optimization of the design of the primer set and PCR conditions for human malaria may improve the detection limit further.
Here we have demonstrated an efficient and sensitive device for malaria, where the analysis may help to identify drug resistance, at the point-of-care (31), which is not possible with microscopy. The platform could, in future, also be developed toward the detection of other infectious organisms (trypanosoma) in other samples (such as tuberculosis in sputum), or RNA-based methodologies (viruses using reverse transcription PCR). The platform enables the whole analysis at minor costs and at low power. We estimate that the SAW PCR assay would require ca. 0.75 Wh, whereas a standard cell phone battery is able to produce ca. 4.9 Wh (1,320 mAh, 3.7 V), the equivalent of 6-7 assays. Similarly, the superstrate could be readily machined into lower cost materials, such as glass and, when scaled up, would not increase the overall cost. An integrated SAW-based device could be implemented on portable system to access remote areas in developing countries, thereby providing efficient diagnostics where it is needed.
Conclusions
We have demonstrated a SAW platform which we have implemented on a disposable superstrate patterned with a phononic lattice, to carry out the mechanical reagent-free lysis of microliter-sized droplets of diluted blood, followed by nucleic acid-based amplification and detection of parasite-specific sequences using real-time PCR. Acoustic and radiative pressure, when coupled with shear flows, induced by the interaction of the SAW with the phononic lattice, generated vortices in the liquid, which allowed controlled disruption of cells. Changing the excitation frequency resulted in efficient heating of the sample, as a consequence of dissipation of acoustic energy within the drop. Passive cooling and reheating enabled NAT. This technology not only demonstrates the ability to detect 0.00012% malaria parasitemia in blood on a low cost, low power platform, but also shows the potential that phononics has, when coupled with microfluidics, in providing a frequency-dependent toolbox for LOC in a stationary drop.
Materials and Methods
Sample preparation including phononic crystal design, cell culture, detailed experimental conditions for qPCR, gel electrophoresis, and calculations of shear are described in SI Appendix.
Device Fabrication. The SAW was propagated on piezoelectric 128°Y-cut X-propagating 3-in LiNbO 3 wafers. The devices consisted of 20 pairs of electrodes to form an interdigitated transducer (IDT) with a pitch of 200 μm, width of 100 μm, and an aperture of 10 mm, yielding a frequency of approximately 10 MHz for the propagating SAW. Over the duration of the project, different generations of IDTs were used. Although they had the same basic design, variations in the fabrication process yielded slightly different resonance frequencies between 9.4 and 9.7 MHz. The frequency of 18 MHz was excited as a harmonic on the same design. An example of the S11 parameter is shown in SI Appendix, Fig. S10 .
For transmission microscopy, a silicon superstrate could not be used and a slanted IDT was fabricated to provide spatially controlled SAW propagation to enable the rotational momentum in the drop (32) . Four-inch double-sided polished wafers were used. The transparent slanted electrode IDT contained 20 pairs of electrodes, with a pitch from 154 μm at the highest frequency (approximately 13 MHz) and 222 μm at the lowest frequency (approximately 9 MHz), with an aperture of 3 cm. The fingers width varied accordingly from 77 to 111 μm.
The phononic crystal superstrate are as described previously (5) . Their fabrication is detailed in SI Appendix.
System Set Up. The IDT was connected to an MXG Analog Signal Generator N5181A (Agilent Technologies) in conjunction with a Mini Circuits ZHL-5W-1, 5-500 MHz amplifier and a 3 A, AE24 V dc power supply. The lysis was observed under a stereomicroscope (Leica MZ 12, with a ProgRes SpeedXTcore3 camera from Jenoptik) or a fast confocal microscope (Zeiss, LSM 5 Live) as mentioned in the text.
The superstrate was placed on top of the piezoelectric wafer and coupled with 2 μL of water-based gel spread manually (KY Jelly; Johnson and Johnson) in between, yielding a film approximately 50-μm thick.
The temperature was monitored using an infrared camera (FLIR i60; FLIR Systems) and the fluorescent signal was quantified using a photomultiplier tube (PMT, Ion Optix) mounted on a microscope with a 5× objective. SI Appendix, Fig. S8 provides a sketch of the set up.
Measuring Free Haemoglobin after Lysis. Haemoglobin released from the red blood cells was quantified by measuring direct light absorption at λ ¼ 414 nm and 540 nm (33) . Although the standard methodology (American Society for Testing and Materials, 756∶2008) uses λ ¼ 540 nm as the observation wavelength, it necessitates the intermediate step of adding a reagent to improve the signal, which also lyses the cells. To avoid the bias of an additional chemical lysis, we adopted a direct measurement.
A range of blood dilutions was processed on the SAW system. Six samples of 20 μL of each dilution were lysed at the power specified in the text, collected in their entirety (pooled) in an Eppendorf tube, and diluted five times. The extent of lysis was compared to a chemical method. The diluted blood samples were mixed (1∶1 vol∕vol) with a solution of 6% (wt∕wt) Triton X-100 (Sigma; T-9284) in PBS and agitated for 5 min. Finally a plasma sample was prepared by centrifuging the blood at 1;000 × g for 10 min.
All samples were centrifuged at 1;000 × g for 10 min prior to measurement in the spectrophotometer (Hitachi; U-2000), which was blanked with PBS. The absorbance for the chemically lysed samples is reported after subtracting the value for a solution of 3% Triton X-100.
Cell Counting. The extent of lysis was also studied by counting the cells remaining intact after the SAW treatment. Different volumes of diluted blood were processed on the SAW system. After resuspension of the contents of the droplet, 10 μL of the solution was harnessed and inserted into a haemocytometer (Neubauer improved). The remaining cells were counted and the extent of lysis reported as a percentage with regards to the cell contents of the original solution. The error is the estimated standard deviation with a 94% confidence.
Other types of cells were also lysed and the lysis efficiency studied in a similar fashion (SI Appendix): HL60 cells at a concentration of 1 million cells∕mL in PBS, trypanosomes (Cyclops) at a concentration of 3 million∕mL.
PCR Detection of P. berghei using SAW-Lysed Mouse Blood. Mice (Tyler's outbred strain) were pretreated with phenylhydrazine (to increase the number of reticulocytes) two days prior to P. berghei infection. Mice were then infected by intraperitoneal injection with 200-500 μL of P. berghei-infected blood stock (stables made and cryopreserved at approximately 3%) at day 0 and subsequently blood samples were taken to determine parasitemia levels. Blood smears were stained with Giemsa staining and 10 fields containing on average 300 cells∕field were counted. When desired levels of parasitemia were reached, blood was harvested by cardiac puncture into heparin tubes.
SAW methods were used to lyse diluted whole blood (1∶50 in PBS). For conventional PCR, 1 μL of the lysate was mixed in 20 μL PCR mix, which contained 2.4 μM forward primer, 2.4 μM reverse primer, and 1× Brilliant III Ultra Fast qPCR Master Mix (Agilent Technologies; 600880). This mix was used to amplify a 64 nt fragment derived from P. berghei-specific sequence PBAN-KA_142330 using primer 1 (aggtggaggtatgggaggaa) and primer 2 (cccatctcttccatctctgaa) over 30 cycles (95°C for 15 s, 60°C for 15 s, 72°C for 15 s).
SAW PCR. Five microliters of SAW lysate diluted three times in water was mixed with the PCR mix as above, including 0.15 μM fluorescent probe, leading to a 20 μL volume. Three microliters of the prepared mix was dispensed on the phononic superstrate hydrophilic spot and covered with 15 μL of mineral oil (Sigma; 3 W) , the temperature of the sample was cycled between 95°C for 10 s and 62°C (approximately 0.3 W) for 15 s, with a final extension step at 62°C for 3 min. The fluorescence intensity was measured at the end of each 62°C step. The temperature was monitored with the IR camera and the power adjusted manually. SI Appendix, Fig. S9 shows a typical temperature profile obtained with SAW. Electrophoresis is performed as described in SI Appendix, Methods in a 4% agarose gel prepared in 0.5× Tris/Borate/EDTA buffer and stained with ethidium bromide.
Mouse Malaria Ct Analysis. The analysis was performed with the software OriginPro (v8 SR1; OriginLabs). First, the intensity was normalized between ½0; 1. Then, using nonlinear curve fitting, the fluorescence signal was fitted to a 4-parameter sigmoid function and the inflexion point selected as the threshold cycle value. Fig. S1 : A liquid drop, placed in the propagation path of a SAW, will be actuated as the SAW refracts within the drop, propagating within the fluid as a compressional wave. The speeds of sound on the surface, Cs, and in the liquid, Cl, are different and lead to a refraction of the waves at the Rayleigh angle, θR (see inset). The surface wave is damped by the liquid and a second-order flow develops in the droplet leading to acoustic streaming. . The efficiency of lysis was evaluated of a third cell type, the trypansome, T. cyclops. The number of cell lysed (as the % of original contents) was determined for four different powers. 3 millions trypanosomes cyclops/ml were lysed for 10 s. At the power of 0.3 and 0.2 W, the cells were only concentrated in the centre of the droplet, while they were lysed at a power of 0.5 W (0.1 % ± 0.15 %, the point is not visible). Error bars are the standard deviation for 3 repeats. The trypanosomes are more fragile than the mammalian cells ( Figure S3 ) and their numbers decrease with the power applied. The increased fragility of the trypanosome, compared to the mammalian cells may either be due to the membrane properties (being more susceptible to the shear forces generated by the vortices) and-or may be linked to the cell's elongated shape (resulting in the membrane experiencing a more pronounced exposure to shear). The results higher than 100 % for HL60 cells for low powers may be explained by a sampling variability. wafer with IDT patterned, positioned on a metal heat sink, used to enable passive cooling during the PCR cycle. The sample drop was positioned on the phononic superstrate, which was coupled to the piezoelectric wafer using a gel layer. A microscope (Zeiss Scope A1) is used to observe the sample (x10 objective), while an IR camera (FLIR i60, FLIR Systems) records the temperature.
Supplementary information

Fig S9.
The temperature profile of the droplet during the PCR cycle. The temperature was recorded using a thermocouple (RS components, cat #6212164). The power was switched between 1.3 W and 0.3 W at 18 MHz to achieve the 2 temperatures of the cycle, at 95°C and 62°C respectively. A plateau at 95°C was achieved within 15 s.
Fig S10. S11 parameter of the IDT, obtained using a network analyser (Agilent Technologies E5071C ENA series), showing excited acoustic waves at 9.5MHz and 18MHz, used for SAW lysis and heating respectively. Only one of the electrodes was driven, while the other one served as a reflector (1), which enabled us to generate the second harmonic (~18MHz).
Supplementary Methods Phononic crystal design and fabrication:
The phononic superstrates comprise a square array (pitch 203 µm) of circular holes (radius 82 µm) in a 470 µm-thick [100] silicon wafer that scattered the SAW to obtain an asymmetry in the propagating waves. The surface holding the sample droplet was patterned with a hydrophilic spot of 3 µm in diameter, surrounded by a 200 µm wide annulus, 1 mm away ( Figure S2 ). The rest of the surface was made hydrophobic by a silane (FOTS, Sigma), obtained by immersing the photoresist-patterned (AZ4562) wafer in a 1.6 mM silane solution in heptane (Sigma, H9629) for 10 min and dissolving the resist in acetone. This treatment resulted in a contact angle of 107º ± 0.2º (standard deviation) on silicon. The hydrophilic spot prevents the droplet from moving at higher powers, but is not essential for lysis.
Samples EDTA-chelated human whole blood (O + ) was obtained from the Glasgow and West of Scotland Blood Transfusion Service and stored at 4°C until needed (always within 5 days of receipt); HL60 cells (ATCC CCL-240, acute promyelocytic leukemia) were maintained following the supplier's recommendations, in Dulbecco's RPMI media supplemented with 10% heat-inactivated fetal calf serum (FCS) and 5% penicillin-streptomycin, at 37°C (5% CO 2 ); Trypanosomes were maintained at 27 °C in Cunninghams media + 20 % FCS; MCF7 cells expressing GFPactin. MCF7 cells were transfected with a mammalian expression vector encoded EGFP-actin and neomycin resistant sequences (kindly provided by the Beatson Institute for Cancer Research). 24 hours prior to transfection, MCF7 cells were seeded in 60 mm Petri dishes with density 500,000 cells per dish and incubated overnight at 37 °C in 5% CO2. The cells were transfected with 20 µg of pEGFP-Actin plasmid DNA using calcium phosphate transfection kit (Invitrogen). To isolate stable transfectants, the transfected cells were trypsinized and replated in media containing 0.5 mg/ml Geneticin (G418). The media were changed every 3-4 days for several weeks to allow colonies of resistant cells to grow and to remove cell debris. Homemade cloning rings (made of plastic pipette tips) were used to select the desired colonies. The cloning rings were dipped in grease and placed over the marked colonies. The colonies in cloning ring were trypsinized and transferred to 96 well plates. The individual colonies were propagated for several weeks in selective media. Thereafter, the stable transfected MCF-7 cells were maintained in complete advanced DMEM containing 0.5 mg/ml of G418. The cells were harvested with trypsin-EDTA and resuspended in PBS at the desired concentration before the experiments. The cells were imaged using a fast confocal microscope (Zeiss, LSM 5 Live).
Estimation of shear rates.
Using the same experimental equipment, as described for the observation of MCF7 in Figure S4 , 5 µm polystyrene beads exhibiting a green fluorescence (FluoroMax, Thermo Scientific, λ ex =490nm, λ em =510 nm) were centrifuged at low powers of up to 40 mW. Their positions were recorded at 550 fps (fast confocal microscope, x10 objective) in cylindrical coordinates and their instantaneous velocity averaged over at least 20 frames (36 ms). At higher powers, the high velocities prevent reliable position records. The shear rates were extracted from a linear fit ( Figure  S6 ) and extrapolated in a linear approximation ( Figure S7 ) to higher powers. 16dBm represents a hundredth of the powers used for lysis, which leads to shears of 85 Pa. These are close to the conditions of shear required for mechanical effect on mammalian cells (100 Pa, ref 26 main text) and, combined with acoustic pressure and radiative forces lead to efficient lysis.
Quantitative PCR.
All samples were centrifuged at 13,000 rpm for 2 minutes to form a pellet of whole cells and cell debris. The DNA in the supernatant was quantified using qPCR. DNA in the whole blood samples was concentrated using the DNA Clean and Concentrator™-5 Kit (Zymo Research Corporation; D 4014). The purified DNA was eluted in 5 µL and a total aliquot of 1 µL was used in each qPCR reaction. For qPCR analysis of the ActB and GAPDH gene expression, in addition to 1 µL of the sample, each reaction contained 2.4 µM of the forward primer, 2.4 µM reverse primer, 0.15 µM of fluorescent probe and 1 X Brilliant III Ultra Fast qPCR Master Mix (Agilent Technologies; 600880). All primers were designed with Primer3Plus and synthesized by Eurofins MWG (Germany), The nucleotide sequences of the primers used in each reaction are shown in Table S1 below. The DNA was analysed in a Lightcycler 480 (Roche Diagnostics) using the following amplification conditions: (i) for denaturation at 95°C for 10 minutes; (ii) 45 cycles of amplification at 95°C for 15 seconds then 52°C for 30 seconds after which the level of fluorescence in the sample was measured and finally, (iii) cooling to 40°C for 30 seconds. Generation of standard curves for ActB and GAPDH. Linear dsDNA was used to generate standard curves for qPCR, after (2) highlighted the benefits of using linear DNA in preference to circular DNA, as follows. The PCR product of interest (ActB/GAPDH) was amplified from the plasmid DNA construct using the reagents and reaction conditions shown for the qPCR reactions. The PCR products were purified from a 1% Seakem LE Agarose gel (Lonza Biologics; 50004) containing 0.01% Sybr Safe DNA gel stain (Invitrogen; S33102) with a Zymoclean™ Gel DNA Recovery Kit (Zymo Research Corporation; D4007) and quantified on a Nanodrop spectrophotometer (Thermo Fisher Scientific). The DNA copy number was calculated based on the methods reported in (3). The DNA was diluted from 1 X 10 9 copies/µl to 0 copies/µl in a 10-fold dilution series. qPCR reactions were conducted on the DNA dilutions using the same reagents and reaction conditions reported for the qPCR reactions above. A standard curve was generated by plotting the Cq value against log of the copy number. The efficiency of the qPCR reaction (E) was calculated using the formula (Eq 1):
where the optimal efficiency of the qPCR reaction was 2. Primer pairs that have qPCR efficiencies of between 1.6 and 2.4 are typically used (4) . The efficiency of the qPCR reactions and errors were calculated with the Lightcycler 480 qPCR software (Roche Diagnostics) and shown to be within acceptable ranges. The unknown samples were compared to the standard curve and the copy number of the unknown targets calculated. qPCR data analysis. Cq values obtained each qPCR reaction were converted to copy numbers using the appropriate ActB or GAPDH standard curves. The copy number for the gene of interest in untreated samples was normalized to 1.0 and the copy number for the samples treated with Triton or SAW was compared to the copy number in the control samples. Increases in the levels of DNA in the treated samples are expressed in the data herein. Each experiment involved three technical replicates and experiments were repeated in triplicate.
